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 -ǉǅBʕƬ>"8,ɀàȔ,ǃʗ+?'" 17, 18	 
Ċ́(Õ8'-wpncXx] RFVT1̍SLC52A1; ƪý RFT1̎. 2008
Ŕ,üĳ? 19 -ŦRFVT2̍ SLC52A2; üRFT3̎20;0RFVT3̍ SLC52A3; üRFT2̎
21Ěă?"	(9RFVT3.ľɱ,>ȓǿ¢-RFVT)ǔʲ'Š 20
wpnɱȹāô,˔ʑ+ŤßBƈùɩűƓĹ?'>	RFVT3.kOaE
-wpncXx] impX22-ˊ¨ĭˍÔBę)" BLAST ǃɇ,;=ƇÑ
üĳ?" 11ďɶʩʿĖ-cXx](> 21	mc,'.ľɱɮɷɀŉ
ɦȘȶ-Ɋɖ(̊ȓǿʠ8<?> 20	RFVT1) RFVT2. 86.7%-EziˑȜüűBƳ
Ç,ɈɧġNa+˶´įȔpH˶´įȔ,wpnBʴʼ>+*ː«"ǻűB
Ƴ>ƦRFVT3.RFVT1)-EziˑȜüű 42.9%)®Ɉɧġ pH´įűBȥ

































































 ˻»ɶ,>wpnõ=ʶ6.̀ʁ+Ɉɧġ pH´įűBȥˑ űƸ¦,
'ʴʼǞű-˃ʠ8<?"	-ʴʼ.ȄȁȔƸ¦BɝŻ"ɈɧġˑűƸ¦














hRFVT1hRFVT2. ?!?˶Çįƭ- 68.5 ± 0.9%81.7 ± 3.0%̍mean ± SEM̎-
wpnʴʼɩB¶Ɗ'"hRFVT3(. 2.7 ± 0.3%)ʴʼǞű3)C*ȣʠ
 5 
?+%"	 (|_q-RFVT3ˢĶʄ)'-ƳȆűBɀƾ"	0.1 µM
< 10 mM-ǳśȻĒ(|_q-ú RFVTÒĭȮ,ò4ˢĶäƼ-ǳś´


































ʗ"	˻ »ɶ»<»Śɶ»Ʀþ1- FMN;0 FAD-ɋƭȔ+ɋȖʴʼ˖.
wpn)ǔ'̀ʁ,®¹Bȥ"	+hRFVT3-ęʬʠʦǻűB hRFVT3˄









Ƭ<)"	 (Ȅ¯É,' RFVT3 ǉɩȓǿ'>yHXBȆ'ǃ
ʛ"	 






















































ÇŤĖ-ur_dcXx] PEPT1 :EziˑcXx] proton-coupled amino 
acid transporter 1̍PAT1̎.NHEŢž"rcæˍB̈åà)'ØȆ>)
Ƞ<?'> 51-53	RFVT3.?<-cXx])üǆˑűƸ¦,'ʴʼ






























wpnʴʼ.Ɉɧġ pH ˶´įȔ(=5"Ɉɧġ Na+˧ñ-ţ˺.A(
%"	üǆ-ʴʼǻű.ľɱ»Śɶ;=ʡʎ?"ɶľɧBȆ"ǃʗ,'9Ě
ă?'> 39	?<-wpnʴʼǻű.RFVT3-v}P(> RFVT2-












'RFVT3 ˊ¨ĭ,Ġȋʠ8<?")BĚă" 27	 -țŦBosch <,;=
RFVT3 ˊ¨ĭ,ĠȋBƳ> BVVL Ȑ¸ɚųɞ,'ʇwpnǳś-®
,áP]ˑŁȐ:ʇEVLf_¹-ƫȶ-ɪɡˑ¤ʥȋőʔĹ?
>)Ěă?" 25	¥ˤƷȎų,'RFVT3-ĠȋBƳ>Ȑ²Ȝǋ(Ěă
?'> 24, 26, 28, 57-59	BVVLȐ¸ɚ.ľÃ,'ȓȐ>²Ģ˳ɟȀ̋ȑ
˿˷ɬàʁȷà®Ćāđ˳ȶ-˔Ƚ+ȐǼB"Ŧ.Ǆ8'Ŵ 30	
?<ˁ-ȨɋȐǼ;0¤ʥȋő.wpnBƄ>),;=ʁäʠ8<
?> 24-26, 28, 59	Ũ%'RFVT3-ǉɩǊƖ>.ǉɩ®,;=Ȅ¯É-wpn
Ǌ¤ʥȋő:Ȏų-ȓȐ,ɕ>ùɩűƓĹ?'>	-ǆ,Ȅ¯-Ǎ
ő+ǉɩɏƊ,> RFVT3 -˔ʑűɸŘĚă,;=ȥċ?>Ʀ -ŤßB in 
vivo,'ǃʛ"Ěă.ȕǷ(>	 
ȵ I ȳ,'RFVT3 wpn-ɱȹāô,ĸ>)BƬ<)"	
RFVT3.ľɱ¥ġ,9ɀŉɮɷɦȘȶ,ȓǿ'= 20, 21?<-Ɋɖ,'





























































ȵ IIȳ ɝ Ĺ 
 
RFVT3üĳ?'¥ƹɊɖÒō:ǉɩǻűȶ-ęȤȔȠʒ.˰ȯ&&>9--





















ɧ¯űƿ̅ɶɈɧ,> Rfvt3 -ɶłĔ. Ŧǃʛ?>ůʑ>ȵ I ȳ,
'ʹ2"ʿ=RFVT3BȖɈɧ,ŠÙȓǿ"ěû˻ »ɶ,łĔ>)ʏƢ-











ȐʑĐ)'ɪɡˑˑèȶ-¤ʥóŰ,ˡ> electron transfer flavoprotein̍ETF̎


















RFVT3 -ˊ¨ĭĠȋ)-ˡˁȥċ?'> BVVL Ȑ¸ɚ.ľÃ:ŕÃ,
'ȓȐ>Ȑ²Ģ 30, 73	RFVT3ˊ¨ĭ,ĠȋBƳ>BVVLȐ¸ɚųɞ(.ʇ
wpnǳś-®ʠ8<?>)Ěă?'> 25	?<-ųɞ,>Ȩɋ
ȐǼ.wpn-Ƅ,;%'ʁƝČ> 25, 26, 28, 59	Ũ%'wpn-Ǌ













































ȵ IIȳ ƥȄÃȄį,> RFVT3-˔ʑű 
 
 RFVT3.ľɱ-¢,ɮɷɀŉɦȘȶ,9Òō'>in vivo,'ƈŤß
.Ƭ<)?'+	 (Rfvt3i`OEHcyHX̍ Rfvt3-/- B̎Ȇ'ǃʛ"	
Rfvt3+/-ˠˍ,;=ÑȄ"ƥȄÃ.|bÛ,Ũ%"ˊ¨ĭĖÒōBȥ"	
Rfvt3-/- ĤˋÒȄŦ 48ƭˠ¥É,ǎ"	ÑȄƭ- Rfvt3-/- ¯˔.˕ȄĖ,




şʭ?>) in vivo,'ȥ?"	Rfvt3-/- ʇ;0Ɋɖ̍ ɭɮɷ
ɠɷŮɷɣ -̎wpnǳś.˕ ȄĖ,ǔ'ʁƬ,®'"	?;=























İˋˣŃȏ  ˦ƺð Ĉĥ ƠƎ,ʋŮ;=Ǥȃ+>ʥŸBʊ5	5"Ȯ
-Ƴȗ+Ū
âʖ)ŪƋĽBſ5"ˌĤİ  ʫ ýʟƠƎˌĤİĤİ˦ʄİȡȰȩ ȟ  ˕
ɢĭ ÎƠƎȲć̆Ĥİʄİ  ˋǂ Ɵ ƠƎňĤİȏ  ˦Ğȇ ưÀ ƠƎˌĤİ
éİˋˣŃȏ  ˦Ⱦǲ ǥ ʤŏ,Ǥʥɻ5	 
<,Ģ-ŪƋĽŪâʖBſ5"ˌĤİéİˋˣŃȏ˦ʄÝˋʣǕ0
,Ĵ̉-ˋ,Ūëàſ5"Æŀ ȧ  ̀íğʀ  ˕əĭCņʐ ̇˓C,Ů
;=Źʥɻ5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D-[1-14C]mannitol (1.961 GBq/mmol), [3H]riboflavin (0.903 TBq/mmol) 
 
GE Healthcare 
[14C]α-methyl-D-glucopyranoside (11.7 GBq/mmol) 
 
Sigma-Aldrich 
Flavin adenine dinucleotide disodium salt hydrate, Lumichrome, Lumiflavine, Probenecid, 
Riboflavin, Riboflavin 5’-monophosphate sodium salt hydrate 
 
Nacalai Tesque 
Amiloride, Choline chloride, Furosemide, Imipramine hydrochloride, p-Aminohippuric acid, 
D-(-)-Mannitol  
 
Wako Pure Chemical Industries 
Chlorpromazine hydrochloride, Desipramine hydrochloride, Methylene blue, N-methyl-D-glucamine 
 






mcɌɱȒȈƹȖɈɧǀT84Ɉɧ̍ CCL-248; American Type Culture Collection .̎10%
HVɦÃʇǧ̍FBS̎ĀƳDulbecco’s modified Eagle’s medium-Ham’s F-12 with L-Gln, sodium 
pyruvate, and HEPES̍Nacalai Tesque̎(5% CO2-95% air37˚C-Ȃĝ,'Ę̅
"	Ĵ̉Ȇ,.6-well Transwell®̍3.0 µm pores, 4.67 cm2; Costar̎5". 24-well plate, 
?!? 150104 cells/well20104 cells/well(ƙȮ"	2Ʃ),ĘĕBƕ5ƩŦ
,Ĵ̉,Ȇ"	RNA ŒǨBʈěû.duplexed Stealth RNAi small-interfering RNA
̍siRNA̎̍Life Technologies B̎Ȇ"	T84ɈɧƙȮƭ,LipofectAMINE RNAiMAX̍ Life 
Technologies̎BȆ"kXcXpIOVǚ,;= 1 well"= 30 pmol -
siRNABɈɧÉ,ĽÄ"	cXpIOV 24ƭˠŦ,ĘĕBƕ -Ŧ. 2
Ʃ),ĘĕƕBʈ5 Ʃș,Ĵ̉,Ȇ"	RcɈɧ,. Stealth RNAi 








mcɦÃɮȈƹHEK293Ɉɧ̍ CRL-1573; American Type Culture Collection .̎10% FBS
ĀƳDulbecco’s modified Eagle’s medium(5% CO2-95% air37˚C-Ȃĝ,'Ę̅
"	Ĵ̉Ȇ,.HEK293ɈɧBxWRcƧ?" 24-well9. 12-well 
plate, 7.5104 cells/well15104 cells/well-ǳś( ?!?ƙȮ"	24ƭˠĘ̅Ŧ,
24-well plate,ƙȮ"Ɉɧ,. 0.2 µg12-well plate,ƙȮ"Ɉɧ,. 0.4 µg-rX
zdDNABLipofectAMINE 2000 (Life Technologies)BȆ'cXpIOV"	
24ƭˠŦ,ĘĕBƕ48ƭˠŦ,ʴʼĴ̉,Ȇ"	+Ȇ"rXzdDNA






GgɮȈƹMadin-Darby canine kidney̍MDCK̎Ɉɧ̍CCL-34; American Type Culture 
Collection̎.I-1̍ 2̎,ǭ'Ę̅"	Ĵ̉Ȇ,.MDCKɈɧBxWR
cƧ?" 4-well culture slides̍Becton, Dickinson and Company̎, 4104 cells/well-ǳ






RNeasy Mini Kit̍ Qiagen B̎ȆT84Ɉɧ;= tatal RNABƇÑ"	ũ<?" total RNA
B˘Ė)'Random Primer0, SuperscriptTM IIʽʱÌˏɆ̍Life Technologies̎BȆ
' 20 µL-ɂ(ʽʱÌóŰBʈ -ŦRNase H̍Life Technologies̎ÐȁBʈ%"	ũ
<?" single strand DNABE]G{ PCRǚ,;>mRNAȓǿĳ˖,Ȇ"	E
]G{ PCR.ABI PRISM7700TM Sequence Detector̍ Life Technologies B̎Ȇ'Motohashi74
<-Ʀǚ,ǭ'ʈ%"	¥,±Ȇ"TaqMan® Gene Expression AssaysBȥ	 














Bʈ%"	Ĵ̉,Ȇ" I.M.-Ɋž.145 mM NaCl3 mM KCl1 mM CaCl20.5 mM 




I-1̍ 1 ,̎ȥƸ¦,' plate,ƙȮ"T84ɈɧBĴ̉,Ȇ"	Ę̅ǣB˧ñŦ
0.5 mL- I.M.̍ pH 7.4 (̎ 37˚C,' 10ÒˠGN~tV"	I.M.B˧ñ"Ŧ,
[3H]wpnĀƳ I.M.̍ pH 6.0̎BǦá5ÒˠGN~tV"	ʄǣB˧
ñŦǗÍ" 1 mL- I.M.̍ pH 7.4̎(ɈɧB 2ďǜǠ>)(óŰBºǌ"	Ɉ
ɧB 0.5 mL- 0.5 N NaOH(ǮʕǮʕǣ-ƞļǞűBǣ¯V_VLH




I-3̍ 1̎)üǆ,Transwell®,ƙȮ"T84Ɉɧ-», 2 mL- I.M.̍ pH 7.4̎B
Ǧá37˚C( 10ÒˠGN~tV"	I.M.B˧ñŦ[3H]wpnĀƳ I.M.
̍pH 7.4̎B»Śɶ»,I.M.̍pH 6.0̎B˻»ɶ»,Ǧá5ÒˠGN~tV
"	ʄǣB˧ñŦǗÍ" 2 mL- I.M.̍ pH 7.4̎(Ɉɧ-»B 2ďǜǠ"	Ɉɧ





'Bio-Rad Protein Assay Kit̍Bio-Rad̎BȆ'ĳ˖"	 
 
I-4RFVT˄űȓǿHEK293ɈɧBȆ"ʴʼĴ  ̉
̍1 [̎3H]wpnʴʼĴ  ̉
I-1̍ 2 ,̎ȥƸ¦,'RFVTB˄űȓǿ"HEK293ɈɧBĴ̉,Ȇ"	ʴ
ʼĴ̉.I-3̍ 2̎,ǭ'ʈ%"	¬ [3H]wpnĀƳ I.M.- pH. 7.4,ʡ
ʎ5"GN~tVƭˠB 1Ò)"	HEK293Ɉɧ,>ÉĐȔ+wp
 22 




̍2̎˶ǇʦwpnFMN;0 FAD-ʴʼĴ  ̉
I-4̍ 1̎,ǭ'ʈ%"	ʄǣǦáÜ-GN~tV. 20 Òˠ)"	ʄǺ
ĀƳ I.M.-GN~tVB 10ÒˠʈǗÍ I.M.(ǜǠŦ, 0.2 mL- 10 mM
ˑk`pD̍pH 5.5̎,ɈɧBďô"	|]iBá>)(˧]lOBʈ




HPLC ,.LC-10ADVP̍Shimadzu ̎ǃÑĎ,.ʅÁǃÑĎ RF-10ASL̍Shimadzu ̎
ȯÒĎ,.Oycl`O C-R8A̍Shimadzu̎BȆ"	ÒƻL{. CHEMCOSORB 
5-ODS-H̍ 4.6150 mm; Chemco Scientific Co., Ltd. ̎ȬåȜ. 10 mMˑk`pD̍ pH 
5.5̎̔ |]i = 65 : 35)ǟˀ 1.0 mL/minãʭǛ˜ 445 nmʅÁǛ˜ 530 nm
GWIOV˖ 20 µLL{Ǫś 40˚C,'ǫĳBʈ%"	 
 
I-6GFP-hRFVT3ȓǿMDCKɈɧ-ʅÁʔĹ 
I-1̍ 3 ,̎ȥƸ¦,' 4-well culture slide,ƙȮGFP-hRFVT3B˄űȓǿ
"MDCKɈɧBȆ"	Ę̅ǣB˧ñŦ, PBS(ɈɧBǜǠ2%lv{Ebm
dBǦá10Òˠ˵ɘ>)(ɈɧBēĳ"	ǁ;0F-EO_BǃÑ>"8
4’,6-diamidino-2-phenylindole̍2000 ·Ŏ˒̎;0 Alexa-546-Phalloidin̍1000 ·Ŏ˒̎,
;>ƽɿBʈʅÁ̀Ŭ˛̍BZ-9000; KEYENCE̎BȆ'ʔĹ"	 
 



























̍3 I̎n situ hybridization 
ʃÓÓǹ,ɬlpFÐɘBƧ"ŦProteinase K̍8 µg/mL̎B 37˚C( 30Òˠó
Ű"	4% PFA (Ëśēĳ"Ŧ0.2 N HCl ( 10 ÒˠÐȁ"	0.1 M 
triethanolamine-HCl, 0.25% acetic anhydride( 10ÒˠGN~tV>),;=E
Z_èBʈ%"	ɬǖƛ°Bʈ%"Ŧ300 ng/mL,ʡʎ"WSNVQfǇʦr
qB 60˚C( 16ƭˠjGq^G[V"	ÓǹBǜǠŦRNase A̍ 50 mg/mL 













̍2 I̎n situ closed loopǚ 
Shirasaka<-Ʀǚ 75Bę,¥-ʑ˾(ʈ%"	yHX.Ĵ̉Üģ;=Ɏ̂"	
Pentobarbital̍50 mg/kg̎̋ˎ(˟ɲȱɱ,'. treiz˸Ő;= 2 cmˇ­»Bʭ
Ƕ)> 5 cmďɱ,'.Țɱ;= 2 cmʷ­»BɉǶ)> 5 cm-ȴ,VR
_~qBȆ'Lf~VƂʉBƧ˞˚ɂ-ɱȹ LoopB°ž"	LoopÉ
B50 nM-[3H]wpn;050 µM-α-|_-[14C]PRoiVdBĀ7200 µL 









Permeability (cm/s) = V(lnX0 – lnX) / CLT 
 
V; LoopÉƄʄǣ˖̍200 µL ,̎ X0; ƄʄǣƞļǞű, X; ɱÉǐįʄǣƞļǞű,  





"	ˇŮŦ-ǧ 100 µLB SOLVABLE̍PerkinElmer̎,ĲÅ,ǮʕƞļǞű
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ȵ IIȳ Ĵ̉-ˋ 
 
II-1Rfvt3̍Slc52a3̎i`OEHcyHX 
Rfvt3 i`OEHcyHX̍Slc52a3tm1a(KOMP)Wtsi̎-ÏɌɀĭB Knockout Mouse Project 
(KOMP) repository76;=ÄƂ"	C57BL/6˕ȄĖ˱űyHX,öɀF1¤yHX
Bũ"	ÑȄ" F1¤,&'ŀ;=ƇÑ"Qi{DNABTr)'II-2
̍2 ,̎ǭ' long-range PCRBʈǍȣ,ȜüɊ6ƕʠ8<?"yHXüğBˍ









Long-range PCR.TaKaRa Ex Taq® Hot Start Version̍TAKARA BIO̎BȆ'94˚C
( 30Ȫ̍Ġű ̎55˚C( 30Ȫ̍EfP ̎72˚C( 9Ò̍ª˜̎-TGOB 32ď
ɗ=ʸƲŦ, 72˚C( 20Òª˜Bʈ%"	ũ<?" PCRȅǺB 0.6%EMXQ
(Ò˲ŦJ_WH{qyGdƽɿ,;=ǃÑ"	±Ȇ"rGyB¥,ȥ	 
 
For 5’ homology arm 
 Forward primer (F1) : 5’-GAGTGGCACTTGACATTCGAGGATAAGC-3’ 
 Reverse primer (R1) : 5’-CACAACGGGTTCTTCTGTTAGTCC-3’ 
 
For 3’ homology arm 
 Forward primer (F2) : 5’-TCTATAGTCGCAGTAGGCGG-3’ 






˕ȄĖE;0ĠȋĖEBǃÑ>"8 ?!?TaKaRa Ex Taq® Hot Start 
VersionTaKaRa Taq® Hot Start Version̍ TAKARA BIO B̎Ȇ" PCRóŰBʈ%"	94˚C
( 30Ȫ̍Ġű ̎55˚C( 30Ȫ̍EfP ̎72˚C( 3Ò̍ª˜̎-TGOB 32ď
ɗ=ʸƲŦ, 72˚C( 10Òª˜Bʈ%"	ũ<?" PCRȅǺB 1.5%EMXQ
(Ò˲ŦJ_WH{qyGdƽɿ,;=ǃÑ"	±Ȇ"rGyB¥,ȥ	 
 
Forward primer  
for wild type allele (F3) : 5’-TCCTGAGGCAAAAGTGGAAA-3’ 
for mutant allele (F4)  : 5’-GAGATGGCGCAACGCAATTAAT-3’ 
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